A pleiotropic carbohydrate mutant, CR17, of Azospirilum brasilense RG (wild type) that assimilates C4 dicarboxylates (succinate and malate) but not carbohydrate (fructose, arabinose, galactose, glycerol, and gluconate) as C sources for growth was used to identify the car (carbohydrate regulation) locus by complementation analysis. The 2.8-kb genomic fragment that complemented the Car-defect of CR17 and overlapped the fiu operon (S. Chattopadhyay, A. Mukherjee, and S. Ghosh, J. Bacteriol. 175:3240-3243, 1993) Gram-negative enterobacteria and strict aerobes differ remarkably in their regulation of carbohydrate catabolism. The preference of enterobacteria for the PTS (phosphoenolpyruvate:sugar phosphotransferase system) sugars as C sources for growth and their manifestation of the phenomena called diauxie and glucose effect are well known (for a review, see reference 16). On the other hand, aerobes prefer C4 dicarboxylates (tricarboxylic acid cycle intermediates) rather than carbohydrates as C sources for growth, and a strong repression of inducible carbohydrate catabolic pathways in the presence of C4 dicarboxylates that leads to the occurrence of reverse diauxie is observed (10, 18, 25, 26) . The molecular basis of this reverse diauxie, i.e., the dominance of C4 dicarboxylates (succinate and malate) over carbohydrates (glucose and fructose) as C sources for growth, in aerobic bacteria is not well understood.
Gram-negative enterobacteria and strict aerobes differ remarkably in their regulation of carbohydrate catabolism. The preference of enterobacteria for the PTS (phosphoenolpyruvate:sugar phosphotransferase system) sugars as C sources for growth and their manifestation of the phenomena called diauxie and glucose effect are well known (for a review, see reference 16) . On the other hand, aerobes prefer C4 dicarboxylates (tricarboxylic acid cycle intermediates) rather than carbohydrates as C sources for growth, and a strong repression of inducible carbohydrate catabolic pathways in the presence of C4 dicarboxylates that leads to the occurrence of reverse diauxie is observed (10, 18, 25, 26) . The molecular basis of this reverse diauxie, i.e., the dominance of C4 dicarboxylates (succinate and malate) over carbohydrates (glucose and fructose) as C sources for growth, in aerobic bacteria is not well understood.
Previous studies in several laboratories with Azospirillum brasilense, an N2-fixing gram-negative aerobic bacterium, demonstrated that it utilizes succinate or malate in preference to carbohydrates (fructose, galactose, arabinose, gluconate, and glycerol) (11, 14, 18, 27) . Fructose is the only sugar whose uptake and catabolism in this aerobic bacterium is mediated by the PTS (6, 11) . Glucose is not assimilated by A. brasilense because of the absence of a transport system for the sugar (11) . Studies from this laboratory showed previously that syntheses of fructose-inducible enzymes, enzyme I and enzyme II of the fructose PTS and 1-phosphofructokinase coded by the inducible fru operon, are subject to transient and permanent (catabolite) repression by succinate in A. brasilense (18) . The bacterium also exhibited a succinate-fructose reverse diauxie (18) .
To understand the regulatory mechanism for C-source utilization, biochemical and genetic investigation of the inducible carbohydrate catabolic enzymes and their repression by succinate was further carried out with wild-type A. brasilense RG and its Fru-and Car-(carbohydrate regulation) mutants (3) . Previous studies from this laboratory (3, 18) demonstrated that (i) all carbohydrate (i.e., fructose, galactose, arabinose, glycerol, and gluconate)-inducible enzymes remain unexpressed when the bacterium is grown with succinate (or malate), (ii) a particular carbohydrate can induce, in the absence of succinate, only a specific set of enzymes needed for its transport and catabolism, and (iii) the bacterium possesses a global regulatory system that can switch off the syntheses of all inducible carbohydrate catabolic enzymes with the help of external succinate. Furthermore, complementation analysis of Fru- and Car-mutants with genomic clones in pLAFR3 (a broadhost-range cosmid vector) led to identification of a 2.2-kb SalI-SalI genomic fragment that contained the carR locus, which appeared to control positively the expression of all carbohydrate-inducible enzymes. The flu operon was found to be closely linked to the carR locus. We report here the identification and complete nucleotide sequencing of an operon carRS in the region of the carR locus coding for two DNA procedures. Standard procedures were followed for small-and large-scale plasmid preparations, restriction enzyme digestion, ligation, agarose gel electrophoresis, elution of DNA from low-melting-point agarose, construction of recombinant plasmids, and transformation of E. coli (20) . pCG3-10 and pCG3-11 were constructed by partial digestion of the 4.5-kb EcoRI-BamHI DNA insert of pCG3-3 (3) with Sall, isolation of 2.8-and 3.8-kb DNA fragments from low-melting-point agarose gel after electrophoresis, cloning in pUC19, and finally recloning of the DNA insert fragments in pLAFR3. pCG3-7 was constructed by the same strategy, using a 11.6-kb BamHIBamHI DNA fragment from pCG93. Plasmid pCG3- 16 was constructed from a 1,063-bp deletion fragment of the 2.1-kb SalI-SalI DNA (see below) and cloned in pLAFR3. S17.1 served as the donor for transfer of pCG plasmids into CR17 by conjugation.
Sequencing of the 2.8-kb DNA insert fragment of pCG3-11 by the nested deletion technique. The 2.8-kb DNA fragment was isolated from its clone in pUC19 by digestion with EcoRI and HindIll, purified by gel electrophoresis, and recloned in pBluescript (KS'), using E. coli DH5o as the host. The recombinant pBluescript (KS') was cleaved from both sides of the insert with KpnI-HindIII and SacI-XbaI to obtain two linear products, and two sets of nested deletion clones were obtained by treatment of the linearized plasmids with exonuclease III and S1, following the protocol supplied with the nested deletion kit (Pharmacia). By using selected overlapping deletion clones, the 2.8-kb DNA was completely sequenced from both directions. Double-stranded DNA sequencing was performed by the chain termination method of Sanger et al. (21) , using the Sequenase sequencing kit (U.S. Biochemical) as instructed by the manufacturer; 7-deaza-dGTP replaced dGTP to avoid compression, asA. brasilense DNA is known to be GC rich.
Nucleotide sequence analysis. Analysis of the nucleotide sequence was performed with a Microvax-IT (VAX-VMS version V5.4), using the University of Wisconsin Genetics Computer Group sequence analysis software package, version 5.2 (5). Sequence comparisons were carried out with the GAP program of Genetics Computer Group package.
Nucleotide sequence accession numbers. The EMBL data library accession numbers for the 2,809-bp nucleotide sequence are X74935 and X70360. 
RESULTS
Physical map of the region containing car and fru loci ofA. brasiLense. The car andfru loci were identified previously within a 27.5-kb genomic fragment, and a close linkage between the two loci was inferred by subcloning of the 27.5-kb DNA and showing that it contained a DNA fragment with overlapping Car--and Fru--complementing activities (3) . To more precisely identify the car and flu region, further complementation experiments were carried out ( Fig. 1 ) with additional DNA fragments cloned in pLAFR3 for construction of transconjugants. It was previously shown that the 2.2-kb Sall-Sall fragment (the size is now revised to 2.1 kb) containing the Car--complementing activity was within the 9.6-kb EcoRIBamHI DNA that also complemented Fru-mutants. However, the 7.1-kb BamHI-EcoRI fragment could not complement Fru-mutants (3) . This finding implied that the 0.7-kb EcoRI-SalI region flanking the 2.1-kb Sall-Sall DNA would be necessary for Fru+ activity, and it could be a part of the bacterium's flu operon. The 2.8-kb EcoRI-SalI and 3.8-kb SalI-BamHI fragments, like the 2.1-kb Salf-Sall fragment, showed the Car--complementing activity, and the transconjugants grew normally on all carbohydrates (Fig. 1) (Fig. 2) . The SD sequence could not be identified for ORF1.
The G+C content of the entire sequence of 2,809 bp is 67%, consistent with the high G+C content of A. brasilense. The intermediate codon usage biases in the third positions of the ORFs are 83% G or C in ORF1, 87% in ORF3, and 84% in ORF4, consistent with these being coding regions. The coding regions of ORF1, ORF2, ORF3, and the N-terminal part of ORF4 have G+C contents of 71, 71, 72, and 67%, respectively, but the short sequence between ORF3 and ORF4 is remarkably A+T rich (60% A+T).
The genes coding for ORF2 and ORF3 have been designated carR and carS, respectively, as they appear to constitute an operon, carRS, from the nucleotide sequence analysis. The carR gene appears to contain a promoter with canonical U-70 recognition sites (12) F   60  120  180  240  300  360  420  480  540  600 660
CGGCACGCGCGGGATCGGCACACCAGCCGCATTCGGCCAGTCCTATTCAAAACCGGCCCT 1140 (3). It is clear from the 2,809-kb sequence and ORF analysis (Fig. 2 ) that there could be two possible candidates, ORF1 and ORF2, for the carR gene present within the 2.1-kb DNA. The partial carS gene within the 2.1-kb DNA fragment was not considered, as it contained a sequence coding only for the 177 N-terminal amino acid residues out of a total of 352 residues of CARS. To determine whether ORF1 or ORF2 or both are responsible for the rectification of the Car-defect, nested deletion fragments from the 2.1-kb Sal-SalI insert in pBluescript were isolated and cloned in pLAFR3 as described in Materials and Methods. Conjugation experiments with the deletion clones in pLAFR3 showed that the gene coding for ORF1 was not necessary for complementation of CR17. The minimum region from the Sall site needed for Car-complementation activity was 1,063 bp, i.e., the insert in pCG3-16 which starts from position 2125 (Sall site) and ends in position 1062 ( Fig. 1 and 2) . The only complete ORF present in the 1,063-bp insert of pCG3-16 is ORF2 encoded by the carR gene, the ORF1 region being completely deleted. Aberrant complementation by the partial carS gene in 1,063 bp through recombination is extremely unlikely, as all 50 transconjugants found in SuccMM-tetracycline plates after conjugation of CR17 with S17.1(pCG3-16) were Car'.
Evidence for physical linkage of the carRS operon with the fru operon ofA. brasilense. We have suggested previously that the 2,809-kb EcoRI-SalJ fragment might overlap the fru operon of A. brasilense, as complementation of Fru-mutants required the 0.7-kb SalI-EcoRI region that flanks the 2.1-kb SalI-SalI DNA. Sequences of fru genes ofA. brasilense are not known, but the complete sequence of the fu operon of a related bacterium, Rhodobacter capsulatus, has been published (28) (29) (30) . We now find that the N-terminal 41-amino-acid sequence of ORF4 is very similar to the published N-terminal sequence offruB coding for the enzyme II A domain of the R. capsulatus multiphosphoryl transfer protein (30) . Figure 3 shows that the aligned sequences have identities of 32% at the amino acid level (out of 41) and 42% at the nucleotide level (out of 349). This result signifies a juxtaposition of fluB and carRS in the A. brasilense genome.
Growth of wild-type RG, mutant CR17, and their car andfru merodiploids. The pleiotropic carbohydrate mutant CR17 grows poorly on SucMM plates, yielding tiny colonies (3), and in SucMM liquid medium, its growth stops after a few generations (Fig. 4) . Growth of CR17 in SucMM could be restored to that of the wild-type RG strain by a further mutation, as in CR17R (a revertant of CR17), that also restored the strain's ability to utilize all carbohydrates for growth (3). Construction of carR+/carR merodiploids in CR17 (e.g., by using pCG3-6) also restored their ability to grow normally on succinate as well as carbohydrates ( Fig. 1 and 4) . However, although the wildtype carRS operon in trans could rectify the Car-defect of CR17, it uniquely created a problem for the merodiploid, CR17(pCG3-11), to grow in SuccMM ( Fig. 1 and 4) . The reason for the failure of the merodiploid to grow in SuccMM but not in any carbohydrate minimal media is not clear. Sequence comparison of the products of carRS operon and the sensor-regulator class of proteins that constitute twocomponent regulatory systems in bacteria. The availability of the deduced amino acid sequences of the two protein products, CARR and CARS, of the carRS operon led us to investigate whether they could constitute a novel two-component regulatory system (1, 19) evolved for controlling global carbohydrate utilization in aerobic A. brasilense. Sequence analysis showed that only the CARS product contains two possible membranespanning segments at its N terminus (IGWGAIIPWNVP LYLMALKI and VLPAGVLNILSGDGPGCGAPLV, from amino acid residues 10 to 30 and 62 to 83), as predicted from its hydropathy profile (13) by the method of Eisenberg et al. (7) . CARR does not have any membrane-spanning sequence. Further evidence that CARS could be a sensor-like protein was found by looking for similarities to the conserved sequences in regions I, II, and III that exist in the C-terminal part of each of the sensor class proteins (such as Narx, PhoM, VirA, and DctB) (24) . As shown in Fig. 5 , when the C-terminal CARS sequence was divided into three such regions, the same conserved residues (i.e., residue H in region I, residue N in region II, and residues DXGXG and GXG in region III; shown by asterisks in Fig. 5a , except for one G replaced by A in region III) were found to be present. Whether CARR could be a protein of the response regulator class (24) was also investigated by comparing the N-terminal sequences of several proteins of this class (AlgR, PhoM2, OmpR, and ArcA) with that of CARR. As shown in Fig. Sb, An explanation for all of these observations becomes more difficult in view of the fact that a regulatory fruR gene has already been identified in enterobacteria (9), a mutation in which (fruR) caused constitutive expression of the fruFKA operon (encoding proteins needed for efficient utilization of fructose) while abolishing growth of the mutant on C4 dicarboxylates (4). Although afru operon possibly resembling the E.
